Neuronal potassium channel subunits of the KCNQ (Kv7) family underlie M-current (I M), and may also underlie the slow potassium current at the node of Ranvier, I Ks. IM and IKs are outwardly rectifying currents that regulate excitability of neurons and myelinated axons, respectively. Studies of native IM and heterologously expressed Kv7 subunits suggest that, in vivo, KCNQ channels exist within heterogeneous, multicomponent protein complexes. KCNQ channel properties are regulated by protein phosphorylation, protein-protein interactions, and protein-lipid interactions within such complexes. To better understand the regulation of neuronal KCNQ channels, we searched directly for posttranslational modifications on KCNQ2͞KCNQ3 channels in vivo by using mass spectrometry. Here we describe two sites of phosphorylation. One site, specific for KCNQ3, appears functionally silent in electrophysiological assays but is located in a domain previously shown to be important for subunit tetramerization. Mutagenesis and electrophysiological studies of the second site, located in the S4 -S5 intracellular loop of all KCNQ subunits, reveal a mechanism of channel inhibition.
Neuronal potassium channel subunits of the KCNQ (Kv7) family underlie M-current (I M), and may also underlie the slow potassium current at the node of Ranvier, I Ks. IM and IKs are outwardly rectifying currents that regulate excitability of neurons and myelinated axons, respectively. Studies of native IM and heterologously expressed Kv7 subunits suggest that, in vivo, KCNQ channels exist within heterogeneous, multicomponent protein complexes. KCNQ channel properties are regulated by protein phosphorylation, protein-protein interactions, and protein-lipid interactions within such complexes. To better understand the regulation of neuronal KCNQ channels, we searched directly for posttranslational modifications on KCNQ2͞KCNQ3 channels in vivo by using mass spectrometry. Here we describe two sites of phosphorylation. One site, specific for KCNQ3, appears functionally silent in electrophysiological assays but is located in a domain previously shown to be important for subunit tetramerization. Mutagenesis and electrophysiological studies of the second site, located in the S4 -S5 intracellular loop of all KCNQ subunits, reveal a mechanism of channel inhibition.
KCNQ ͉ M-channel ͉ S4 -S5 loop ͉ potassium channels ͉ neuromodulation K CNQ2͞KCNQ3 heteromeric channels are voltage-gated potassium channels that limit repetitive firing of neurons. They underlie M-current (1), a slow, noninactivating potassium current named for its modulation by muscarinic agonists (2) . Some KCNQ2͞KCNQ3 subunits reside in axon initial segments and nodes of Ranvier, where action potentials initiate and propagate (3) (4) (5) . Thus, potent control over neuronal firing patterns exerted by KCNQ2͞KCNQ3 channels reflects both their functionality and their strategic subcellular positioning.
Underscoring this physiological importance, mutations of KCNQ2 and KCNQ3 cause human disorders of neural hyperexcitability, including myokymia (6) and benign familial neonatal convulsions (BFNC) (7) (8) (9) . Although BFNC is a penetrant, dominantly inherited disorder, some pathogenic mutations reduce channel activity as little as 20% (10) . Transgenic mice expressing a dominant-negative KCNQ2 mutation show increased neuronal excitability, hyperactive behavior, and spontaneous epileptic seizures (11) .
Regulated inhibition of KCNQ channels by metabotropic neurotransmission underlies an important form of plasticity in vertebrate sympathetic and central neurons (12, 13) . PIP 2 depletion is the likely mechanism mediating the classic muscarinic inhibition of M-current (14-16), but other mechanisms, including phosphorylation, may contribute to channel modulation by other neurotransmitters (16) . Indeed, KCNQ1 and KCNQ2 subunits associate with a variety of kinases and phosphatases via A-kinase anchor proteins (17) (18) (19) (20) , and mutational studies implicate KCNQ2͞KCNQ3 phosphorylation sites for channel regulation by protein kinase A (PKA), protein kinase C (PKC), and src tyrosine kinase (10, 19, 21, 22) . KCNQ2 and KCNQ3 subunits possess large intracellular domains containing many additional potential phosphorylation sites (Fig. 1, refs. 7-9 ). Here, we take an alternative approach to those previously described. First, we identify sites phosphorylated by endogenous kinases on intact channel proteins in living mammalian cells using mass spectrometry. Then, we examine the physiological consequences of modification at identified sites.
Materials and Methods
DNA Preparation and Site-Directed Mutagenesis. Plasmid cDNAs for human KCNQ2 and KCNQ3, without and with extracellular hemagglutinin (HA) tags (HA-KCNQ2 and HA-KCNQ3) were generously provided by T. J. Jentsch (Zentrum für Molekulare Neuropathobiologie, Hamburg, Germany) (7, 10, 23) . Sitedirected mutations were incorporated by using PCR with Pfu Turbo DNA Polymerase (Stratagene) and verified by sequencing the channel genes.
Affinity Purification of KCNQ Subunits. Guinea pig anti-KCNQ2 antibodies (17) were crosslinked to Protein A beads (Dynal) using dimethyl pimelimidate (Sigma). Human embryonic kidney 293 (HEK) cells, maintained in DMEM with 10% FBS at 37°C in 5% CO 2 , were transfected with KCNQ2 and KCNQ3 cDNAs in pcDNA3 in a 1:1 ratio by using FuGENE-6 (Roche), harvested 2 days later in lysis buffer [150 mM NaCl͞50 mM Tris⅐HCl͞1% Triton X-100͞50 mM NaF͞10 mM sodium pyrophosphate͞1ϫ Complete protease inhibitor mixture (Roche)͞2 mM sodium orthovanadate͞100 nM calyculin A͞1 mM DTT], kept on ice for 30 min, and centrifuged at 4°C at 20,800 ϫ g for 30 min. The supernatant was transferred to siliconized tubes and incubated overnight at 4°C with 2 g͞ml immobilized KCNQ2 antibodies. Beads were washed four times with lysis buffer, resuspended in SDS sample buffer (Pierce), and heated for 2 min to 85-90°C. After electrophoresis on 7% SDS polyacrylamide gels, proteins were either stained with SYPRO Ruby protein gel stain (Molecular Probes), or subjected to electrotransfer and Western blotting (3, 17, 24) . Bands at Ϸ89 (KCNQ2) and Ϸ97 kDa (KCNQ3) were excised, minced, washed, dried on a centrifugal concentrator, rehydrated on ice for 10 min in 10 l of 5 ng͞l sequencing grade trypsin (Promega) in 25 mM NH 4 HCO 3 , covered with an additional 25 l NH 4 HCO 3 solution and incubated overnight at 37°C. Supernatants from the digest reaction and from two subsequent extractions using 50 l of 50% acetonitrile͞1% formic acid were pooled, concentrated to 10 l, and stored at Ϫ80°C until used for mass spectrometry.
Mass Spectrometry. Preliminary analysis was performed by MALDI TOF using an Applied Biosystems Voyager mass spectrometer in reflectron mode. Digest samples (1 l, estimated 1 pmol of peptides) were further analyzed by nanoflow RPLC (75 m i.d. ϫ 150 mm long PepMap column; UltiMate, Dionex) coupled to a quadrupole-orthogonal TOF tandem mass spectrometer (MS͞MS) (QSTAR XL, Applied Biosystems). Peptides were separated with a 2-35% linear gradient of acetonitrile͞ 0.1% formic acid over 50 min. Eluting peptides were ionized by using a Picotip emitter (New Objective) mounted on the nanoelectrospray ion source (Applied Biosystems͞MDS Sciex) at an applied voltage of 2 kV. The QSTAR MS was first operated in information-dependent mode, with each full MS scan (1-s acquisition) followed by an MS͞MS scan (3-s acquisition) in which the most abundant peptide molecular ion was dynamically selected for collision-induced dissociation. The monoisotopic masses of parent and associated fragment ions, parent ion charge states (z), and ion intensities from the acquired MS͞MS spectra were automatically extracted by using the Mascot script for Analyst (www.matrixsciences.com) script and directly submitted for automated database searching for protein identification and characterization using both Mascot and a development version of Protein Prospector (25) .
For selected runs, we also manually extracted the monoisotopic masses of all multiply charged ions (signal-to-noise ratio, Ͼ 10; n Ͼ 1,000 ions) and submitted these masses to Protein Prospector for peptide mass mapping with MS-FIT, which compared the submitted list to a calculated set of tryptic peptides (including all possible phosphopeptides) derived from KCNQ2 and KCNQ3 protein sequences. For protein identification, external calibration was used, and mass accuracy of peptide masses was Ͻ100 ppm. To achieve better mass accuracy (Ϸ20 ppm) for peptide mass mapping to identify putative phosphopeptides, internal calibration in each LCMS run was carried out by using trypsin autolysis products (MH 2 2ϩ 421.7590 and MH 3 3ϩ 737.3728).
Expression in Xenopus laevis
Oocytes. The Ambion mMessage mMachine SP6 kit was used to synthesize capped KCNQ cRNAs from KCNQ cDNAs in pTLN linearized with HpaI. Oocytes were injected with 5 or 10 ng of capped cRNA, and KCNQ2 and KCNQ3 cRNAs were injected in a 1:1 ratio unless otherwise specified.
Electrophysiology. Currents were measured at room temperature in ND96 (96 mM NaCl͞2 mM KCl͞1 mM MgCl 2 ͞1.8 mM CaCl 2 ͞5 mM Hepes, pH 7.4) from oocytes 2-3 days after cRNA injection under two-electrode voltage clamp using 0.2-1 M⍀ microelectrodes filled with 3 M KCl with a Geneclamp 500B amplifier (Axon Instruments). The voltage-clamp protocol was 0.5-s depolarizing steps from Ϫ80 mV in increments of 10 mV up to 60 mV. Recordings were filtered at 1 kHz and acquired and analyzed by using PCLAMP software (Axon Instruments).
Surface Expression Assays. Surface expression was measured 3-5 days after injection of cRNAs by using mouse monoclonal anti-HA primary (HA.11, Covance), goat horseradish peroxidase (HRP)-conjugated anti-mouse IgG secondary (Jackson ImmunoResearch) antibodies, and the chemiluminescence method described in ref. 26 . Results shown are representative of Ͼ10 oocytes for each experimental condition.
Results
Affinity Purification of Heterologously Expressed KCNQ2͞KCNQ3 Heteromeric Channels. Immunoprecipitated KCNQ2 and KCNQ3 subunits were subjected to SDS gel electrophoresis and protein staining, revealing two major bands, identified by Western analyses as KCNQ2 (Ϸ88 kDa) and KCNQ3 (Ϸ97 kDa), a third prominent band of Ϸ67 kDa, and numerous minor bands. Protein stains (see Fig. 2A ) showed that each two-plate sample yielded about 0.4 g (Ϸ50 pmol) of KCNQ2 and Ϸ0.2 g of KCNQ3. We excised the prominent bands, performed in-gel trypsin digestion, and analyzed the resulting peptide extracts by MALDI TOF and by nano-LC͞MS and MS͞MS using a hybrid quadrupole-orthogonal TOF MS͞MS.
Mass Spectrometry Reveals a Phosphorylation Site on KCNQ3.
MALDI analysis confirmed the identity of the KCNQ2 and KCNQ3 bands. The band at Ϸ67 kDa ( Fig. 2 A) was identified as HSP70. This band was seen in all samples of KCNQ2͞KCNQ3 transfected cells, although with variable abundance, and was absent from mock immunoprecipitations of untransfected cells, suggesting that at least some KCNQ2 polypeptides were associated with HSP70. LC͞MS͞MS analysis of the KCNQ2 or KCNQ3 digests also located a phosphopeptide of KCNQ3, within a C-terminal region important for subunit interactions (the subunit interaction domain), subsequently confirmed by MS͞MS sequencing (Fig. 2 B and C, see Fig. 1 for location of sites) (27) . This candidate phosphopeptide contained three potential phosphoacceptor residues; however, analysis of the MS͞MS spectrum and careful manual examination of all peptides detected during the LC͞MS run revealed only a singly phosphorylated peptide that could have arisen from phosphorylation of S578 or T579.
To test the functional effect of this KCNQ3 phosphorylation, we recorded currents from wild-type or mutant channels. A priori, channels heterologously expressed may or may not be substantially phosphorylated at any particular site; the abundance of a phosphopeptide is one of many factors affecting ion intensity observed in the MS. However, comparison of wild-type channels with alanine (abolishing the possibility of phosphorylation) and aspartate or glutamate (to mimic the phosphorylated state) mutants will help identify effects attributable to modulation via phosphorylation.
As previously shown (1, 10), oocytes coinjected with wild-type KCNQ2 and KCNQ3 cRNAs gave slowly activating outward currents upon depolarization (Fig. 2D) . Mutation of S578 or T579 of KCNQ3 to alanine, or both residues together to alanine, had no detectable effects on functional expression, voltagedependence, or activation kinetics of heteromeric KCNQ2͞ KCNQ3 channels. Mutating either residue to aspartate also resulted in heteromeric currents that were indistinguishable from the wild-type currents (Fig. 2D) . Thus, phosphorylation of this C-terminal region did not significantly impact channel assembly or function.
Evidence for Phosphorylation in the S4 -S5 Loop of KCNQ2͞KCNQ3
Channels. To identify additional phosphopeptides from KCNQ2 or KCNQ3 digests, we analyzed LC͞MS spectra carefully and extracted all multiply charged ions for mass mapping. MS-FIT results revealed evidence of a potential phosphorylation at a threonine in the S4-S5 loop of KCNQ2͞KCNQ3 (Fig. 3 A and  B) , within a sequence highly conserved among KCNQ family members (Fig. 3C) . Although the phosphopeptide was never abundant enough to be selected for LC͞MS͞MS, several overlapping peptides were found that included this phosphorylation site, strongly suggesting that the S4-S5 loop threonine is phosphorylated. This was the only phosphorylation site we identified in the intracellular loops between the transmembrane helices (see Fig. 1 ). Because the S4-S5 loop has been shown to influence channel conductance and gating (28, 29) , we hypothesized that the addition of a phosphate group here, with its negative charge, could modulate the activity of the channel.
Mimicking the Dephosphorylated State of the S4 -S5 Loop Threonine
Results in Functional Channels. Therefore, we generated mutants in which the S4-S5 loop threonine was replaced by alanine to prevent the possibility of phosphorylation at this site. The heteromeric KCNQ2T217A͞KCNQ3T246A mutant channels gave similar amounts of current as wild-type channels, although the mutant channels activated at more depolarized potentials (Fig. 4 A and B) . A right shift of the voltage-dependence of conductance of Ϸ20 mV was confirmed by tail current measurements in high-potassium solution (Fig. 6 , which is published as supporting information on the PNAS web site). Similar effects of S4-S5 loop mutations on voltage dependence have been reported for other voltage-gated potassium channels, such as for Shaker (28) and KCNQ1 (29) .
Replacement of the S4 -S5 Loop Phosphorylation Site in both KCNQ2 and KCNQ3 With Acidic Residues Abolishes KCNQ2͞KCNQ3 Currents Without Reducing Channel Protein Expression. To explore the effects of phosphorylation, we substituted the threonines in the S4-S5 loops of the heteromeric channel, Thr-217 of KCNQ2 and Thr-246 of KCNQ3, with aspartate to mimic the negatively charged phosphate group. Coexpression of KCNQ2T217D and KCNQ3T246D cRNAs gave no current above the level of endogenous currents (Fig. 4B) . Replacing the S4-S5 loop threonine with glutamate also eliminated functional channel expression (data not shown), suggesting that charge, and not size, of the residue at this position is responsible for the loss of channel function. Western blots showed no differences in steady-state protein levels for mutant and wild-type subunits (Fig. 7 , which is published as supporting information on the PNAS web site), indicating that there was no major change in the balance of degradation and synthesis of the mutant subunits.
KCNQ2T217D and KCNQ3T246D Mutations Do Not Impair Tetramerization and Surface Trafficking.
To determine whether mutant channels with acidic residues replacing the S4-S5 loop threonine appear on the cell membrane, we used immunochemiluminescence to quantify surface expression of channels extracellularly tagged with a HA-epitope (23, 26) . HA-KCNQ2T217D homomeric channels trafficked to the plasma membrane at least as well as HA-KCNQ2 (wild-type) channels (Fig. 5Ai) . Moreover, cells expressing HA-KCNQ2T217D͞KCNQ3T246D (which gave no current, see Fig. 4B ) usually yielded higher surface expression than seen with HA-KCNQ2͞KCNQ3. Although coexpression of KCNQ2 and KCNQ3 gave 10-fold larger currents than expression of KCNQ2 alone (Fig. 4B) , levels of HA-KCNQ2 subunits detected at the membrane were not altered by coexpression of KCNQ3 subunits (Fig. 5Ai) , contrary to previous reports (23, 27) . Homomeric KCNQ2 channels represent a substantial component of the somatic M-current recorded from sympathetic neurons during early development (30) . KCNQ2 subunits are also expressed without associated KCNQ3 subunits in axons (3, 17) . Our study provides further evidence for functional expression of homomeric KCNQ2 channels. When expressed alone, HA-KCNQ3 was hardly detectable on the surface; but, when coexpressed with KCNQ2, the surface expression of HA-KCNQ3 was greatly increased (fold increase ϭ 60.7 Ϯ 16.4), strongly suggesting that the HA-tagged channels on the cell surface are heteromers (Fig. 5Aii) (23) . To learn whether KCNQ2T217D and KCNQ3T246D subunits form heterotetramers and traffic to the plasma membrane, we expressed H A-KCNQ3T246D alone or together with KCNQ2T217D. Coexpression of the two mutant subunits also increased surface channel expression (fold increase ϭ 59.7 Ϯ 11.5), indicating that aspartate substitution of the threonine in the S4-S5 loop did not interfere with channel assembly and surface expression.
We also tested whether the KCNQ2 and KCNQ3 S4-S5 loop aspartate mutant subunits coassemble with wild-type subunits. Coexpression of KCNQ3T246D and KCNQ2 resulted in currents that were larger than KCNQ2 expression alone, but smaller than the currents in cells coexpressing KCNQ2 and KCNQ3 (Fig.  5B) . However, expression of KCNQ2T217D with KCNQ3 gave no detectable current (data not shown). Thus, the aspartate mutation in the highly conserved S4-S5 loop of KCNQ2 appears to exert much stronger inhibitory effects on channel function.
Discussion
Ion channel function can be modulated by reversible covalent modifications such as phosphorylation. Phosphorylation sites identified by metabolic labeling experiments, mutational analysis, and electrophysiology (31) concern a small subset of kinases, such as the serine͞threonine kinases PKA and PKC and a few tyrosine kinases (32) (33) (34) . Given that Ͼ500 distinct kinase genes are expressed in mammals (35) , our knowledge about phosphorylation within ion channel complexes is very incom- plete. This consideration provides incentive for the development of novel approaches for identifying phosphorylation sites. Mass spectrometry complements traditional approaches because sites of phosphorylation can be identified directly and in vivo (36) . Here we used mass spectrometry to identify sites of phosphorylation on channels formed by KCNQ2 and KCNQ3 potassium channel subunits. Because these channels contribute to control of neuronal excitability and are critical for nervous system health, understanding the factors affecting KCNQ2͞KCNQ3 channel activity may reveal targets for therapeutic intervention.
We used MALDI TOF and electrospray ionization͞ quadrupole-orthogonal TOF mass spectrometers to analyze heterologously expressed KCNQ2͞KCNQ3 proteins. A substantial portion of the channel polypeptide was represented in the high signal intensity (highly abundant) ions detected by LS͞MS and automatically sequenced by data-dependent MS͞MS, demonstrating that the subunit peptides were the principal constituents of the bands analyzed. However, some regions of the KCNQ polypeptides were not covered by the set of high-intensity ions, and thus, full analysis of the material required consideration of lower intensity species. Although this analysis was facilitated by the large dynamic range and low noise of the instrument, inclusion of the entire dynamic range raised the potential for contamination by peptides derived from lower abundance background proteins and made comprehensive analysis more difficult. Because our approach demanded complete coverage of the polypeptides, heterologous expression was necessary to isolate sufficient molar amounts of protein for analysis. Mass spectrometry allowed localization of sites, but did not reveal the stoichiometry of phosphorylation. Such methodological issues will likely be common to other studies using mass spectrometry to identify sites of phosphorylation in lowabundance membrane proteins, and represent areas for ongoing method development.
This study revealed evidence for phosphorylation at a residue conserved among all KCNQ subunits in the S4-S5 loop, and at one of two KCNQ3 residues, S578 and T579, near the domain for tetramerization and subunit interaction in the C terminus. Our studies do not rule out the possibility that other sites are also involved in regulation of KCNQ2͞KCNQ3 channels. Although our studies did not reveal any significant effect of phosphorylation at the C-terminal site on channel function, phosphorylation there may be involved in regulating other aspects of KCNQ function in vivo, such as interactions with other proteins or targeting channels to specific sites in neurons (37, 38) . Although the C-terminal phosphorylation site is near a calmodulin-binding consensus sequence (39), we have been unable to detect an interaction between KCNQ3 and calmodulin (S. Shivakumar and E.C.C., unpublished observations) and calmodulin does not alter KCNQ3 channel function (40) , so it is unlikely that this phosphorylation modulates calmodulin binding. However, it is possible that functional consequences of channel phosphorylation only become apparent in supramolecular complexes of the channel, as shown with PKA phosphorylation of Kv4.2 (41) .
Multiple ions detected by LC͞MS suggested an additional site of phosphorylation at a conserved threonine residue in the S4-S5 loop of the KCNQ2͞KCNQ3 heteromeric channel (Fig.  1) . Because of the important contribution of the S4-S5 loop to voltage-gated channel function (42), we hypothesized that the addition of a negatively charged phosphate moiety to the S4-S5 linker could provide a robust means of regulation.
To test this hypothesis, the phosphorylation site in the S4-S5 loop was mutated to mimic the phosphorylated and dephosphorylated states. Mutations mimicking the dephosphorylated state gave rise to channels functioning similarly to wild-type channels. Our results differ from those reported by Hoshi et al. (19) , who observed that KCNQ2T217A homomeric channels yielded half the normal current level. However, heteromeric channels with mutations that mimic the phosphorylated state in KCNQ2 did not conduct current, despite their robust surface expression. In addition, heteromeric channels with mutations that mimic the phosphorylated site in KCNQ3 yielded significantly smaller currents than wild-type channels. Thus, our mutagenesis studies predict that phosphorylation of the threonine in the S4-S5 loop of KCNQ2͞KCNQ3 channels drastically decreases the channel activity. Given that a mere 25% reduction in KCNQ2͞KCNQ3 channel activity is sufficient to cause seizures in newborns with the autosomal dominant disorder benign familial neonatal convulsions (10) , this phosphorylation is a powerful modulation. However, the responsible kinase has remained elusive. Given the basic nature of the surrounding residues, the most obvious candidates are PKA, PKC, and CaMKII. PKA effects on channel activity have been attributed to another site (10) . PKC and CaMKII activation altered channel activity, but neither required the phosphorylation of the S4-S5 loop site for their actions (T.S.S., unpublished results). Moreover, complete muscarinic suppression occurs even when the S4-S5 loop site cannot be phosphorylated (Fig. 8 , which is published as supporting information on the PNAS web site). Thus, whereas the predicted effect of phosphorylation at this site is similar to the effect of muscarinic suppression on the M-current, which results in an increase in neuronal excitability (2) , phosphorylation of the threonine in the S4-S5 loop of KCNQ2͞KCNQ3 channels represents a different channel regulation that could increase repetitive firing. Phosphorylation of the S4-S5 loop could affect voltage-gating by preventing movement of the voltage-sensor. It could also uncouple the movement of the sensor from the gate, as suggested by mutagenesis studies and the recently solved Kv1.2 crystal structure (42) (43) (44) .
Many other voltage-gated potassium channels contain putative phosphorylation sites in the S4-S5 loop that are surrounded by basic residues (28, 45) . Consistent with our mass spectrometry results that the S4-S5 loops of KCNQ channels are phosphorylated, the potential phosphorylation site of the S4-S5 loop is also exposed in the Kv1.2 channel structure (42) . Our studies raise the possibility that posttranslational modification of the S4-S5 loop of voltage-gated potassium channels may be a potent means of regulating the activity of voltage-gated potassium channels. 
